Allergic atopic disorders, such as rhinitis, asthma, and atopic dermatitis, are the result of a systemic inflammatory reaction triggered by type 2 T helper (Th2) cell-mediated immune responses against 'innocuous' antigens (allergens) of complex genetic and environmental origin. A number of epidemiological studies have suggested that the increase in the prevalence of allergic disorders that has occurred over the past few decades is attributable to a reduced microbial burden during childhood, as a consequence of Westernized lifestyle (the 'hygiene hypothesis'). However, the mechanisms by which the reduced exposure of children to pathogenic and nonpathogenic microbes results in enhanced responses of Th2 cells are still controversial. The initial interpretation proposed a missing immune deviation of allergenspecific responses from a Th2 to a type 1 Th (Th1) profile, as a result of the reduced production of interleukin-12 and interferons by natural immunity cells which are stimulated by bacterial products via their Toll-like receptors. More recently, the role of reduced activity of T regulatory cells has been emphasized. The epidemiological findings and the experimental evidence available so far suggest that both mechanisms may be involved. A better understanding of this question is important not only from a theoretical point of view, but also because of its therapeutic implications.
INTRODUCTION
The role of the type 2 T helper (Th2) cell-mediated immune response against 'innocuous' environmental antigens (allergens) in the immunopathogenesis of allergic atopy is well documented. An impressive body of experimental work supports the critical role of cytokines produced by Th2 cells, such as interleukin (IL)-4, IL-5, IL-9, and IL-13, in the initiation, maintenance and amplification of human allergic inflammation. This experimental evidence includes the identification of cytokines, chemokines, and transcription factors connected with Th2 responses in target organs of allergic subjects. [1] [2] [3] The expression of the allergic phenotype is dependent upon the interaction between two major factors: a genetic predisposition and gene-environment interactions. The pattern of allergic inheritance is that of a complex polygenic disorder. The gene-environment interactions, however, heavily influence the development of atopic allergy, and several changes in lifestyle that have occurred over the past few decades are certainly responsible for the increased prevalence of allergy in Western countries. Recent epidemiological studies have clearly shown that modifications of the pattern of microbial exposure of children associated with Westernization represent a critical factor underlying the rising severity and prevalence of atopic disorders (the so-called 'hygiene hypothesis'). [4] [5] [6] [7] If the 'hygiene hypothesis' is the most reasonable explanation for the 'allergy epidemics', its immunological basis is still controversial. The initial interpretations concluded that a lack of shifting of allergen-specific responses from the Th2 to the Th1 phenotype (i.e. missing immune deviation) was responsible. 8, 9 More recently, however, the importance of reduced activity of T regulatory (Treg) cells (reduced immune suppression) has been emphasized.
either as a default pathway in the absence of TLR signalling by PAMPs or via a Th2-type activating receptor(s).
One of the already identified TLRs that allows Th2 differentiation is TLR2. Its ligand, Pam3Cys, is indeed able to suppress the expression of IL-12p70 and to divert the subsequent Th-cell response towards the Th2 profile, 20 thus favouring the development of experimental asthma. 21 TLR4 also seems to be involved in Th2 differentiation, but this is dependent on the ligand dose, inasmuch as inhalation of high lipopolysaccharide (LPS) doses promotes Th1 responses, whereas low doses favour Th2 priming. + T cells, thus promoting cell-mediated immunity and cytotoxic T-cell responses. 23, 24 In contrast, Th2 cells produce IL-4, IL-5, IL-9 and IL-13 in the absence of IFN-c and TNF-b production. Cytokines released by Th2 cells induce B cells to produce high amounts of IgG1 and IgE antibodies in mice and IgG4 and IgE in humans, promote the differentiation and growth of mast cells and eosinophils, and inhibit several phagocytic functions. 23, 24 Of note, while IL-4 inhibits the development of Th1 cells, IFN-c inhibits the development of Th2 cells. 23, 24 Moreover, the expression of GATA-3, which allows the differentiation of Th2 cells, inhibits Th1 development; conversely, expression of T-bet, which allows the differentiation of Th1 cells, inhibits Th2 development. 19 Thus, transcription factors expressed by, and cytokines released from, Th1 or Th2 cells exert a mutual antagonistic effect on the development of the other subset.
Under some conditions, the T-cell effector response (either Th1-or Th2-polarized) may become dangerous for the host and therefore needs to be controlled. Besides the mutual antagonism mentioned above, regulation is also carried out by the activity of other T-cell types, which have been named Treg cells. 25 Treg cells are a highly heterogeneous family, which includes type 3 Th (Th3) cells, T regulatory 1 (Tr1) cells, and CD4 + CD25 + T cells. Th3 cells mainly produce transforming growth factor (TGF)-b and their regulatory function is attributable to a TGF-bdependent mechanism, 26 whereas Tr1 cells are mainly able to produce IL-10, with or without TGF-b. 27 In contrast, CD4 + CD25 + T cells do not produce cytokines and act via a contact-dependent mechanism, which probably involves the activity of both membrane cytotoxic T lymphocyteassociated (CTLA)-4 and membrane TGF-b. 25 Another feature of CD4 + CD25 + T cells is the expression of the products of the Foxp3 and glucocorticoid-induced TNFRrelated (GITR) genes. 28, 29 In the light of the heterogeneity of the Treg cell family, a distinction between 'natural' and 'adaptive' Treg cells has recently been suggested. 30 Natural Treg cells are generated in the thymus and normally function to prevent the activation of other self-reactive T cells that have the potential to develop into effector cells. These natural Treg cells act mainly via their contact with T cells or antigen-presenting cell (APC) in a cytokine-independent fashion. Similar to natural Treg cells, adaptive Treg cells also originate from the thymus, but then further differentiate and acquire their suppressive activity in the periphery under certain conditions of antigenic stimulation. Their expression of CD25 is variable and their mechanism of suppression is mediated by the production of inhibitory cytokines, such as IL-10 and TGF-b. 30 Natural and adaptive Treg cells might function in different immunological settings, depending on the context of antigen exposure, the nature of the inflammatory response, and the TCR repertoires of the individual cells. 30 The relationship between microbial stimulation of the TLR pathway and Treg cells is still unclear. However, it has been shown that microbial induction of the TLR pathway can also block the suppressive effect of CD4 + CD25 + Treg cells, allowing activation of pathogenspecific adaptive immune responses. 31 Of note, stimulation of TLR2, the same TLR that has been found to be able to promote Th2 differentiation, 20,21 also suppresses immunity against Candida albicans through induction of IL-10 and Treg cells. 31 Thus, a complex network that is still to be fully elucidated seems to be operating among cells of the innate immunity, Th1 or Th2 effector cells, and Treg cells.
CAN THE HYGIENE HYPOTHESIS BE BETTER EXPLAINED BY MISSING IMMUNE DEVIATION OR BY REDUCED IMMUNE SUPPRESSION?
The possibility that the 'hygiene hypothesis' is the most reasonable explanation of the 'allergy epidemics' was strengthened by the demonstration that exposure of a pregnant mother and ⁄or her son in the first year of life to microbial products released by farm animals, which is typical of the rural lifestyle, exerts an important protective role against the development of allergy as a consequence of the chronic stimulation of the TLRs expressed by cells of the innate immunity. 7 The critical point now is to identify the immunological mechanism(s) by which the reduced microbial stimulation of TLRs on cells of the innate immunity in early life can result in easier and stronger Th2 responses to allergens. For some years, the most likely explanation has been that the reduction in microbial burden impairs the occurrence of immune deviation from Th2 to Th1, which usually takes place with increasing age. This means that reduced stimulation of TLRs on DCs and NK cells results in decreased production of cytokines, such as IL-12, IFN-a and IFN-c, which not only promote the development of Th1 cells, but also antagonize the development of Th2 cells. 23, 24 Recently, however, an alternative view has emerged, which suggests the importance of reduced immune suppression rather than missing immune deviation. According to this alternative view, the lower microbial burden does not act by inducing a lower production of Th1-polarizing cytokines, but by decreasing the activity of Treg cells. [10] [11] [12] Epidemiological findings: oversimplifications and omissions
The view that a lower microbial burden may favour increased prevalence of allergy by inducing lower activity of Treg cells is based largely on two major epidemiological observations: (i) that allergic diseases have a low prevalence in areas of the world characterized by diffuse and chronic helminth infections, which induce strong and persistent Th2 responses, but also high production of suppressive cytokines; 10 and (ii) that the prevalence of insulin-dependent diabetes mellitus (IDDM), multiple sclerosis (MS) and inflammatory bowel diseases (IBD), which are thought to be Th1-dominated immune disorders, has also increased in the past few decades in developed countries. 11 However, in my view, these observations have been misinterpreted or at least oversimplified. The fact that children from parasiteinfested areas, such as Gabon, exhibit reduced risk for bronchial asthma and reduced prevalence of positive prick tests to allergens cannot be interpreted as a consequence of suppressive activity, resulting from high concentrations of IL-10 and TGF-b produced by Treg cells, down-regulating allergen-specific Th2 responses. 10 Indeed, high proportions of the same children were found to possess in their serum house dust mite-specific IgE antibodies, 10 suggesting that allergen-specific Th2 responses were increased rather than depressed. Thus, a more likely explanation is that allergenspecific IgE production in parasite-infested children is not suppressed, but rather that helminth infestations inhibit some late effector phase of the allergen-specific Th2 response.
One possibility is that helminths induce a high production of IgG4 which interacts with allergen, thus preventing its binding to the IgE antibodies present on mast cells and the subsequent release of mediators. This mechanism has been demonstrated in children with high exposure to cat allergens and has been named the 'modified Th2 response'. 32 A still more likely possibility is the 'IgE blocking hypothesis'. 33 Both the positivity of prick tests and clinical allergy require efficient cross-linking of high-affinity IgE receptors (FcRI) on mast cells and basophils. At least two FcRI-bound IgE molecules must capture a single allergen to induce mediator release. Helminth infestations are consistently associated with highly polyclonal IgE production, which is not specific for parasite antigens. If IgE, for which no antigen is available, saturates mast cells and blocks the binding of specific IgE directed either to parasite antigen or to environmental allergens, it could inhibit degranulation and immediate hypersensitivity. 34 Indeed, in a preliminary study, it was recently shown that basophils from a healthy Dutch donor sensitized with serum of Gabonese mite-sensitized children do not readily release histamine in response to mite allergen. Compared to sensitization with serum from Dutch mite-sensitized children, around 1000-fold higher concentrations of allergen were needed. When basophils originating from Gabonese children (n ¼ 2) were used, a similar discrepancy was observed. Co-sensitization with Gabonese and Dutch serum samples resulted in inhibition of histamine release observed after sensitization with Dutch serum alone (R. Von Ree and M. Yazdanbakhsh, Leiden, Netherlands, personal communication). These data clearly demonstrate that helminth infestations do not suppress allergen-specific IgE production, and therefore they do not suppress allergen-specific Th2 responses, but rather impair the allergen-induced release of mediators by mast cells and basophils through the production of very high concentrations of nonallergen-specific IgE.
Similarly, the purported equivalence of the increased prevalence of allergy on the one hand and MS, IBD and IDDM on the other 11 is inappropriate. The reported increased prevalence of MS is indeed highly questionable, for different reasons. Firstly, the study quoted by Bach 11 to support the existence of the MS increase 35 was limited to the city of Sassari in Sardinia, while in the same study no increase in the prevalence of MS was found in another Italian city, Ferrara. 35 In addition, a more recent report has shown that the MS prevalence in Sardinia was significantly increased in rural, genetically 'archaic' areas, where the Westernization process had been less pronounced, but not in the clean areas of the same city, suggesting an opposite role for hygiene in the increased prevalence of MS. 36 Secondly, studies performed in other European countries reported increased prevalence of MS between 1941 and 1961, but that the prevalence of the disease fell in the following two decades, 37 at the time when the prevalence of allergy was increasing. Thirdly, the improvement of diagnostic accuracy, such as the use of nuclear magnetic resonance, makes it impossible to make accurate comparisons of the prevalence of MS in the past few decades. The difficulty in interpreting the results of epidemiological studies on IBD and in making meaningful comparisons between different reports has already been underlined. 38 Finally, and most importantly, the comparison between the increased prevalence of atopic allergy and IDDM in the past few decades in rich countries 11 is also questionable. Atopic allergy is indeed a chronic and often systemic inflammatory process, which currently affects a high proportion of the population, whereas in IDDM, which is a much rarer disease, the inflammatory process is limited to the pancreatic b cells and rapidly ends with their destruction, thus resulting in a lifelong metabolic, rather than immune-mediated, disease. Thus, it is incorrect to suggest that the prevalence of both Th1-and Th2-dominated diseases are increased, on the basis of this comparison, as IDDM cannot be reasonably considered as an opposite pole to allergy. In any case, the possibility cannot be excluded that, while the increased prevalence of allergy attributable to reduced microbial burden is the result of a missing immune deviation, the possible increase in the prevalence of IDDM may reflect different mechanisms, such as the reduced protection by bacterial heat shock proteins sharing T-cell epitopes with target self antigens. 39 There are epidemiological data, which are usually neglected, that allow the opposite conclusions to those reported in the above-mentioned reviews [10] [11] [12] to be drawn. For example, patients with rheumatoid arthritis or MS, which are clearly chronic, Th1-polarized, autoimmune disorders, exhibit a lower prevalence of allergic diseases. [40] [41] [42] [43] Of note, the reduced prevalence of allergic disease in patients with MS was found to be associated with enhanced IL-12 production. 44 More importantly, it has been shown that Th1-mediated renal disorders, such as proliferative glomerulonephritis, are increasing in poor countries, whereas Th2-mediated renal diseases, such as 'minimal change' and IgA nephropathy, are strongly increasing in rich countries. 45 This latter epidemiological finding is clearly in favour of missing immune deviation rather than reduced immune suppression. Thus, the results of epidemiological studies do not allow us to conclude whether missing immune deviation or reduced immune suppression has an exclusive or prevalent role as an explanation for the hygiene hypothesis.
Experimental evidence in favour of or against the shifting effect from Th2 to Th1 responses
In vitro studies Several years ago, we showed that cytokines, such as IL-12 and the IFNs, not only induce Th1 differentiation but are also able to shift, at least in vitro, the allergen-specific Th2 response to a less polarized, or even Th1-polarized, phenotype.
14,17,18 Subsequently, we found that a similar effect was also induced by double-stranded (ds) RNAs, such as polyinosinic:polycytidilic acid. 46 More recently, a Th1-switching activity by single-stranded RNA has also been reported. 47 Similarly, microbial CpG-containing oligodeoxynucleotides (ODNs) in vitro mixed to, or conjugated with, allergens promote the switch of the allergen-specific response from Th2 to Th1 by inducing the production of high amounts of Th1-polarizing cytokines, such as the IFNs and IL-12, by cells of the innate immunity. 48, 49 Of note, IL-12 produced by DCs in response to CpGcontaining ODNs was also found to be able to induce IFNc production by established allergen-specific Th2 effectors by up-regulating their expression of the IL-12R b2 chain. 50 Similar results were subsequently obtained by using synthetic adjuvants, such as imidazoquinolines, which induce IL-12 production by DCs and IFN-c production by NK cells. 51 Thus, an impressive series of experimental data suggests that allergen-specific T-cell responses can be shifted, at least in vitro, from Th2 to Th1 by microbial products or other compounds that favour the production of IL-12 and IFNs by cells of the innate immunity, thus strongly supporting the concept that many bacterial and viral infections that stimulate DCs and NK cells may not only promote Th1 polarization but also inhibit the development of Th2 cells. The effect of reduced microbial stimulation on the Th2 ⁄Th1 balance (missing immune deviation) is summarized in Fig. 1 .
In vivo studies
The results of in vivo experiments based on the administration of cytokines or the injection of infectious agents are more controversial. 52 Promising results were obtained from murine asthma models in which IFN-c, given either during the primary sensitization or during the secondary immune response, decreased IgE production and airway inflammation and normalized airway function. 53, 54 Moreover, systemic as well as pulmonary IFN-c gene delivery was proven to be effective not only for preventing but also for suppressing established allergen-induced airway hyperresponsiveness (AHR) in a mouse model. 55, 56 However, no beneficial effects were observed in clinical trials on asthma patients with subcutaneous or aerosolized IFNc. 57, 58 Moreover, transfer of ovalbumin (OA)-specific IFNc-secreting Th1 cells increased, instead of decreasing, Th2-induced airway inflammation. 59, 60 Administration of IL-12, the most powerful Th1-polarizing cytokine, also suppressed allergen-induced airway eosinophilia and AHR, but a complete inhibition of allergen-specific IgE synthesis was obtained only when IL-12 was given during sensitization, but not during a secondary challenge. 61 It is also of note that local and systemic application of endotoxin modulates systemic and local Th1 ⁄Th2 immune responses in a distinct but similarly IL-12-dependent manner. 62 Transfer of the IL-18 gene, another cytokine produced by cells of the innate immunity, which also exhibits a powerful Th1-polarizing effect, prevented the development of, and reversed, established allergen-induced AHR. 63 However, it has recently been reported that injection of IL-18 together with antigen into mice to which Th1 cells had previously been administered induced severe airway inflammation and AHR. 64 Even more clear-cut are the effects achieved by administration of ODNs containing CpG motifs found in bacterial, but not vertebrate, DNA. Experiments using allergens, such as ragweed and house dust mites, demonstrated that allergic asthma could be reduced or eliminated by the administration of CpG ODNs during or even after the sensitization phase. 65 CpG-ODN treatment increased the ratio of IFN-c-to IL-4-secreting cells by approximately 4-fold, decreased the number of allergen-specific IgEproducing cells to an equivalent degree, and diminished the influx of inflammatory cells into the lungs. 65 These effects were long-lasting; when mice were challenged with allergen some weeks after CpG treatment, they continued to generate a strong Th1-cell (rather than Th2-cell) memory response, which protected them from lung inflammation. 65 This was accompanied by a reduction in allergen-specific IgE and IgG1 and an increase in IgG2a-secreting cells in mice treated with CpG ODNs. 65 These outcomes are consistent with the ability of CpG DNA to stimulate the production of Th1-type cytokines that induce isotype switching to IgG2a rather than IgE and IgG1. 65 These antiallergic effects were observed when CpG ODNs were administered alone, mixed with allergen or physically linked to allergen, and the greatest success in generating a Th1-dominated response resulted when the CpG ODN was coupled directly to allergen. 65 Presumably, cross-linking improves allergen uptake and ensures that the immune cells exposed to allergen are also exposed to CpG DNA, and are therefore stimulated to induce a Th1-cell response. At optimal ODN:allergen conjugation ratios, CpG ODNs not only prevented the development of allergic rhinitis, but also reversed established airway disease. 65 As expected, the administration in vivo of the entire infectious agents has yielded different results according to the type of infection. Suppression of allergen-induced airway eosinophilia by IL-12 and IFN-c production caused by Mycobacterium bovis-bacillus Calmette-Gue`rin (BCG) has been consistently reported in different experimental models. 66, 67 These findings are consistent with the observations in humans showing reduced prevalence of allergy in BCGvaccinated children. [68] [69] [70] [71] Similarly, gram-positive lactic acid bacteria inhibited the secretion of Th2-type cytokines and this effect was shown to be dependent on APCs and the involvement of IL-12 and IFN-c. 72 In contrast, results obtained with viral infections were more contradictory. Neonatal priming with respiratory synctytial virus (RSV) in newborn mice increased recruitment of inflammatory cells (including Th2 cells and eosinophils) during reinfection, whereas delayed priming led to enhanced IFN-c production and less severe disease during reinfection. 73 Infection with influenza virus inhibited the development of allergen-induced Th2 responses in the lung, which was attributable to generation of a Th1 immune response, as it correlated with a significant increase in IFNc levels and could not be observed in IFN-c-and IL-12 p35-deficient animals. 74 This finding is in apparent contrast with the results of a recent study showing that influenza A viral infection unexpectedly enhanced later allergen-specific asthma by promoting dual allergen-specific Th1 and Th2 responses. 75 However, it is consistent with another report showing bystander suppression of allergic airway inflammation by IFN-c produced by lung resident memory CD8 + T cells. 76 The majority of the in vivo studies in humans also support the possibility that a shift from Th2 to Th1 in the allergen-specific response may occur, and its lack may play a role in the increased prevalence of allergy. Several studies have indeed shown that allergic subjects have not only increased production of Th2-type cytokines but also reduced production of IFN-c by peripheral blood cells 77 and in exhaled breath condensate. 78 However, it has been well demonstrated, both at the clonal level and using flow cytometry, that nonatopic subjects usually recognize most allergens, but the response to allergens of their CD4 + T cells is mainly characterized by IFN-c rather than Th2-type cytokine production and they have neither allergic symptoms nor any type of inflammatory response to allergen challenge. 79, 80 Accordingly, it has recently been shown that, while peanut-allergic donors show Th2 polarization by peanut-specific T cells, nonallergic children and, more importantly, children who have outgrown their allergy show Th1 skewing to peanut antigens. 81 Of note, CXCL10, a chemokine induced by IFN-c, promotes dominance of environmental allergen-driven IFN-c over IL-4 responses, 82 and allergic subjects seem to be hyporesponsive to the CXCL10-mediated Th1 immunity-promoting loop in comparison with nonatopic individuals. 83 Reduced neonatal IL-12 production has also been associated with stronger neonatal Th2 responses and weaker Th1 responses to allergen in the postnatal period. 84 Moreover, insufficient IL-12 production by DCs from atopic subjects has been reported. 85 Finally, increases in IL-12 mRNA-expressing cells have been found to accompany inhibition of allergeninduced late skin responses after successful grass pollen immunotherapy. 86 However, in contrast to nonatopic individuals, atopic subjects exhibit not only enhanced expression of c-maf and GATA-3, 87 which are involved in Th2-cell differentiation, 19 but also defective expression of T-bet, 88 a transcription factor essential for Th1 development. 19 Very recently, it was shown that individuals lacking one functional GATA-3 allele exhibit markedly decreased Th2-cell frequencies in vivo and in vitro.
89 Th2 cell-mediated effector functions were also dramatically decreased, whereas the Th1 responses were elevated. 89 Recently, it has been reported that children who grew up in East Germany had a marked bias towards type 0 Th (Th0) ⁄Th1 responsiveness, regardless of whether they were atopic, whereas the children of West Germany, particularly when they were atopic, showed Th2 polarization. 90 This may be consistent with the observation of high levels of endotoxin in children with a reduced risk for atopy 91 and elevated levels of CD14 and TLR2 in sera from farmers' children, who are at lower risk of allergy. 92 Taken together, these findings, and particularly those related to both in vitro and in vivo experiments with CpG ODNs, provide an impressive body of experimental evidence to support the role of missing immune deviation as a possible explanation for the increased prevalence of allergy.
Experimental evidence in favour of or against the suppressive effect of allergen-specific Th2 responses
Despite repeated claims in the recent literature, the experimental evidence in favour of a role of reduced immune suppression as an explanation for the increased prevalence of allergy (a role which is summarized in Fig. 2 ) is currently weaker and even more contradictory than that in favour of the reduced shifting effect from Th2 to Th1 responses. As mentioned above, there are at least two main families of Treg cells: (i) natural CD4 + CD25 + Treg cells, which do not produce cytokines, act via cell-tocell contact, and are mainly devoted to the suppression of autoimmune responses, and (ii) adaptive Treg cells, which represent a heterogeneous family of cells that mainly act via the production of IL-10 and TGF-b and are mainly induced by exogenous antigens. 30 Natural Treg cells have recently been found to express the products of the Foxp3 and GITR genes, the first being essential for their differentiation and the second for their counter-regulation. Foxp3 mutations in both mice (Scurfy mice) and humans have been identified. Foxp3 gene mutations in humans result in the immune dysregulation polyendocrinopathy, enteropathy, and X-linked inheritance syndrome (IPEX). Characteristic symptoms of the disorder include earlyonset IDDM, severe enteropathy, often leading to the diagnosis of Crohn's disease or ulcerative colitis, skin disorders, variable autoimmune phenomena, and severe infections. 93 Although in some cases IgE levels may be elevated and eosinophilia is sometimes present, both clinical and laboratory findings support the concept that Th1-mediated pathologies and deficient immune responses to pathogens are clearly prevalent over allergic manifestations. This suggests that at least natural Foxp3-expressing Treg cells are more important for suppressing Th1-than Th2-mediated disorders. In agreement with this prediction, we have recently observed that human Th2 cells are much less susceptible than Th1 cells to the suppressive activity of natural CD4 + CD25 + Foxp3-expressing autologous thymocytes, because of their responsiveness to different cytokines. 94 The situation concerning the role of adaptive Treg cells, particularly those involved in the regulation of allergy, is less clear. Some of these CD4 + T cells have also been found to express CD25, but the fact that even effector cells can express the same molecule makes it very difficult to discriminate between them. Even the induction of Foxp3 on, and the mechanisms responsible for its expression by, adaptive Treg cells are still a matter of controversy. So, we are presently facing a heterogeneous and not easily identifiable family of cells, and this accounts for why the presently available data are contradictory. BALB ⁄c RAG-⁄-mice, injected with CD4 + CD25 + T cell-depleted cells from OA-specific transgenic mice, showed a decrease in IL-4 and IL-5 production in the airways and had impaired antigen-induced Th2-cell differentiation, but increased differentiation of Th1 cells, suggesting that CD4 + CD25 + T cells modulate the Th1 ⁄Th2 balance towards Th2 cells. 95 In another study, removal of CD4 + CD25 + T cells was found to reduce the expression of Th2-type cytokines, IL-4, IL-5, and IL-13. 96 With regard to the few studies performed in humans, no altered numbers or functions of CD4 + CD25 + T cells were found in adult patients with IgE-mediated cow's milk allergy. 97 In contrast, defective numbers of CD4 + CD25 + , allergen-specific Treg cells were recently found in atopic individuals, which appeared to be particularly marked during the season of pollen exposure. 98 With regard to the latter study, there are, however, at least two major points that need to be addressed. First, it is intriguing that the defect in CD4 + CD25 + T-cell numbers was mainly observed during the pollen season, when there is a striking increase in circulating allergen-specific Th2 effectors which also express CD25 because of their activation status, thus making it difficult to distinguish between the decrease in CD4 + CD25 + Treg cell numbers and the increase in 99 Similar effects were obtained after IL-10 gene transfer in the airways 100 or when CD4 + Th cells were engineered to produce IL-10. 101 Even the suppressive activity of Mycobacterium vaccae on airway eosinophilia was found to be clearly related to the induction of allergen-specific Treg cells able to produce IL-10 and TGFb, 102 although in a subsequent study M. vaccae administration during allergen sensitization or challenge suppressed asthmatic features without inducing an increase in either IFN-c or IL-10 in the lung lavage fluid. 103 Accordingly, transfer of Tr1 cell clones coincident with OA immunization inhibited Th2, but not Th1, responses through IL-10 secretion. 104 A suppressive role for IL-10 has also been demonstrated in both allergen-specific immunotherapy (SIT) and normal responses to allergens. 105 However, T cells generated by SIT were CD4 + CD25 + and produced both IL-10 and TGFb. 106 More importantly, it seems that IL-10 produced by Treg cells acts mainly by shifting the allergen-specific antibody production from the dangerous IgE to the protective IgG4 isotype rather than by inducing a Th2-cell tolerance. 107 Indeed, IL-10 is not suppressive on Th2 cells in all experimental models and sometimes favours rather than inhibits Th2 responses. For example, IL-4 has been found to be able to drive the immune response towards a Th2 phenotype in Leishmania major infection. 108 More importantly, disruption of the IL-10 gene resulted in a significant increase in IFN-c, but reduced secretion of IL-4, and prevented skin eosinophilia in a murine model of allergic dermatitis, suggesting a promoting rather than suppressive role for this cytokine in a mouse model of allergic skin inflammation. 109 These discordant effects of IL-10 may obviously be caused by the genetic background, as IL-10-dependent events in mice are strongly strain-dependent. Nevertheless, it cannot be denied that the role of Treg cells, which certainly suppress Th1 responses, in regulating allergen-specific Th2 responses is still controversial.
In contrast, there is compelling experimental evidence to support the induction by several microbial products of an immune deviation in allergen-specific responses from Th2 to Th1. The possibility cannot be excluded that, in addition to missing immune deviation, reduced immune suppression can play a role in explaining the increased prevalence of allergy, but additional experimental work is required to demonstrate such a role. Thus, there is no evidence that allergen-specific Th1 responses in humans are proinflammatory, inasmuch as allergen-specific T cells from nonatopic subjects are able to produce high amounts of IFN-c- 79, 80 as well as IFN-induced Th1-recruiting chemokines, 82, 83 such as CXCL9 and CXCL10, without any clinical manifestation or sign of inflammatory reactions. More importantly, while the possible side-effects of increasing the suppressive activity of Treg cells are still unknown, there is not evidence to suggest, as it has been done 10 , that shifting allergen-specific T-cell responses from Th2 to Th0 ⁄Th1 for the prevention and ⁄or cure of allergic diseases, and it may be dangerous.
CONCLUDING REMARKS
The reason for the increased prevalence of allergic disorders that has occurred during the past few decades in developed countries is still a matter of controversy. Several epidemiological studies suggest that the reduced microbial exposure of children, as a result of Westernised lifestyles, is mainly responsible for this event, and this theory is known as the 'hygiene hypothesis'. However, the immunological changes induced by higher standards of hygiene during childhood are still being debated. Two main explanations have been suggested: (i) missing immune deviation from Th2 to Th1, caused by reduced production of Th1-polarizing cytokines by cells of the innate immunity in response to stimulation of their TLRs by microbial components, and (ii) reduced activation of Treg cells caused by reduced stimulation of the immune system. The epidemiological observations, showing increased prevalence not only of Th2-mediated allergic disorders but also of some Th1-mediated autoimmune or chronic inflammatory disorders, have been overemphasized or wrongly interpreted. So far, there is an impressive body of evidence, which tends to be neglected, in favour of the existence of immune deviation induced by pathogenic and nonpathogenic agents which can modify allergen-specific responses from Th2 to Th1. The experimental evidence in favour of an important role of Treg cells in dampening allergen-specific Th2 responses is still scarce and sometimes contradictory. This is probably a result of the heterogeneity of Treg cells and of incomplete knowledge of their origin and function. It is likely that the reduced microbial burden during childhood results in both missing immune deviation and reduced immune suppression, as summarized in Fig. 3 .
Because allergen-specific Th2 responses are probably subjected to the double negative control of Th1-polarizing cytokines (IFNs and IL-12) and immunosuppressive cytokines (IL-10 and TGF-b), which are both produced in response to chronic and repeated stimulation of the immune system, the reduced microbial burden during childhood may well explain the 'allergy epidemics' that have occurred in the past few decades in Westernized countries. However, it must not be forgotten that the role of IL-10 in the regulation of Th1 immunity in humans is much Ó 2004 Blackwell Publishing Ltd, Immunology, 112, 352-363 less important than that of IL-4, compared with the mouse, as recently definitively demonstrated in a model of human tissue engraftment in SCID animals. 110 Thus, taking all these considerations into account, it is reasonable to conclude that in humans the mutual antagonism between Th1 and Th2 cytokines plays the major role in the counterregulation of T-cell mediated effector responses.
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